In 1936 was published The Thermochemistry of the Chemical Substances [6] where the authors Bichowsky and Rossini attempted to standardize the available data and published them at a common temperature of 18 C (291K) and pressure of 1 atm. In 1940, Josef Mayer and Nobel Prize winner Maria Mayer published their monograph Statistical Mechanics [7] , in which the method of calculating thermochemical properties from spectroscopic data was explained in detail.
In 1947, Rossini et al. published their Selected Values of Properties of Hydrocarbons [8] , which was followed by the famous NBS Circular 500 (1952) [9] that focuses on the thermochemistry of inorganic and organic species and lists not only the enthalpies of formation but also heat capacities (C p ), enthalpies (H T À H 0 ), entropies (S), and equilibrium constants (K c ) as a function of temperature. Within the data, thermodynamic relations (e.g., through Hess's Law) between the same property of different substances or between different properties of the same substance were satisfied. During the 1950s, the loose leaf compendium of the Thermodynamic Research Center (TRC) [10] at A&M University in Texas appeared as a continuation of API Project 44. In this compendium, thermochemistry as a function of temperature is only a small part of their data that also include melting and boiling points, vapor pressures, IR spectra, and so on. Although their values are technically reliable, a very serious drawback is the lack of documentation of the data sources and the calculation methods.
In 1960, the first loose leaf edition of the Joint Army-Navy-Air Force (JANAF) thermodynamic tables appeared, but was restricted solely to U.S. government agencies. It is devoted to chemical species involving many elements; however, it contains only a very limited number of organic species. The publication, which became very famous when published as bound second edition in 1971 [11] , set the standard temperature reference at 298.15K and published the enthalpy increments (also known as integrated heat capacities) as (H T À H 298 ) instead of (H T À H 0 ). This edition of the JANAF tables, with Stull as the main editor, for the first time described in detail methods of calculating thermochemical properties mainly based on the monograph of Mayer and Mayer [7] . It also set the upper temperature range limit of the tables up to 6000K in order to assist the needs and requests of the space research institutions and industry. Further editions published afterward [11] kept the many errors and wrong calculation results instead of correcting or improving them to include better available values.
Published in 1960, the report "Thermodynamic Data for Combustion Products" [12] by Gordon focused on high-performance solid rocket propellants.
In 1961, Duff and Bauer wrote a Los Alamos report [13] , which was summarized in 1962 in the Journal of Chemical Physics [14] , in which for the first time thermochemical properties of organic molecules, that are, enthalpies and free energies, were given as polynomials.
In 1963, McBride et al. published the "Thermodynamic Properties to 6000K for 210 Substances Involving the First 18 Elements," NASA Report SP-3001 [15] . This publication revealed for the first time to the public world the methods of calculating thermochemical data for monoatomic, diatomic, and polyatomic species. At that time, JANAF tables were accessible to only a very restricted number of people. The NASA publication lists, also for the first time, the thermochemical properties not only in table format but also as seven-coefficient polynomials. The NASA program to calculate thermochemical properties and these seven-term polynomials was published by McBride and Gordon in 1967 [16] .
In 1965, the U.S. National Bureau of Standards (NBS) started publishing the Technical Note 270 [17] in a series of booklets where they presented heats of formation at 0, 273.15, and 298.15K.
In 1969, The Chemical Thermodynamics of Organic Compounds by Stull, Westrum and Sinke [18] was released, where the thermochemical properties of 741 stable organic molecules available until the end of year 1965 were published in the temperature range from 298 to 1000K.
In 1962, the first edition of Thermodynamic Properties of Individual Substances (TSIV) [19] appeared in Moscow. This monumental compendium became known worldwide as "Gurvich's Thermochemical Tables" from the further publications in 1978, 1979, 1982 , and specifically the fourth edition of 1989 translated to English, which was also followed by further English editions in 1991, 1994, and 1997.
Other thermochemical properties mainly for solid species were published by Barin et al. [20] in 1973 and by Barin in 1995 [21] .
Evaluations of heats of formation for organic molecules and radicals were published by Cox and Pilcher [22] , Pedley and Rylance [23] , Domalski and Hearing [24] , and Pedley et al. [25] .
THERMOCHEMICAL PROPERTIES
Malhard and Le Chatelier [1] observed that the interaction of substances (called reactants) results in new products, which was connected with release of heat Q (Q 5 0 if heat is released and Q 4 0 if heat is added). Thus, reactions that release heat will proceed more or less spontaneously (such as combustion), while those that absorb heat will not.
The heat released from producing 1 mol of a substance from its reference elements at a specified temperature T and at constant pressure P is defined as the enthalpy of formation D f H T of the product formed at this temperature.
The enthalpy of formation assigns a certain value, positive or negative, to each compound. By definition, all reference species (e.g., molecular gaseous hydrogen H 2 , nitrogen N 2 , oxygen O 2 , chlorine Cl 2 , fluorine F 2 , crystal and liquid bromine Br 2 , solid graphite C graphite , white phosphorus P white ) in their standard states have each been assigned the value 0 to their enthalpy of formation D f H T . Table 1 .1 shows the standard enthalpies of formation for small gas-phase species relevant to combustion studies.
For a given material or substance, the standard state is the reference state for the substance's thermodynamic state properties such as enthalpy, entropy, Gibbs free energy, and so on.
According to the International Union of Pure and Applied Chemistry (IUPAC) [26] , the standard state of a gaseous substance is the (hypothetical) state of the pure gaseous substance at standard pressure (1 bar), assuming ideal gas behavior. For a pure phase, a mixture, or a solvent in the liquid or solid state, the standard state is the state of the pure substance in the according phase at standard pressure.
It is not mandatory for the standard state of a substance to exist in nature. For instance, it is possible to calculate values for steam at 20 C and 1 bar, even though steam does not exist as a gas under these conditions. However, this definition results in the advantage of self-consistent tables of thermodynamic properties.
The enthalpy of a reaction D r H T is the sum of enthalpies of formation D f H T of all products minus the sum of enthalpies of formation of all reactants:
The enthalpy of reaction is negative if the reaction releases heat. This type of reaction is defined as an exothermic reaction and normally occurs instantaneously. On the other hand, an endothermic reaction has a positive enthalpy of reaction. It can only take place if there is a particular amount of energy available to absorb, which is equal to or larger than the value of the enthalpy of reaction needed. The enthalpy itself is temperature dependent and called sensible enthalpy or sensible heat, and is defined as the amount of heat required for raising the temperature of a substance by 1K without changing its molecular structure.
The derivative of the enthalpy with respect to the temperature at constant pressure defines the specific heat capacity C P of a substance: It is usually easier to measure experimentally C P rather than the sensible enthalpy H and therefore it is customary to calculate the enthalpy by integration of C P ; thus:
and therefore
The "chemist's enthalpy" H T À H 298K is usually found in thermochemical tables [11, 15, 18, 19, 69] . In engineering practice, the absolute enthalpy is defined as
which is equal to
This value is usually found in engineering thermodynamics books, in the NASA tables, and the NASA thermochemical polynomials [15] . Enthalpy is a state function; therefore, the heat change associated with a reaction does not depend on the reaction pathway. If the reaction proceeds from reactants to products in a single step or in a series of steps, the same enthalpy will be obtained. This is the basis of Hess's Law. A handy combination of reactions enables the calculation of enthalpies of formation of substances, which cannot be measured directly.
The term combustion enthalpy is used for the enthalpy of reaction for complete combustion of 1 mol of a substance into the products carbon dioxide and water.
Heat dQ added to a system in an infinitesimal process is used to increase the internal energy by dE and to perform an amount of work dW:
where E is a system property and dQ and dW are path-dependent properties. This is the state of the first law of thermodynamics.
The second law of thermodynamics says that a quantity called entropy S exists, and that for an infinitesimal process in a closed system the equation
is always fulfilled. For reversible processes, only the equality holds; for all natural processes, the inequality exists.
The entropy S is the hardest thermodynamic property to understand and to explain. It is a consequence of the second law of thermodynamics that states that we cannot produce energy from nothing, in other words, "it is impossible to build a Perpetuum Mobile." As a consequence, there is some energy content that we continually "waste" and entropy is a measurement of this "waste." In all natural processes, entropy increases and therefore the "world" entropy increases with time. It introduces the concept of irreversibility and defines a unique direction of time.
This can be explained on mixing phenomena. Two pure and unmixed substances have small entropy values. But with time, the substances tend to mix and the entropy of the system reaches its highest value at complete mixing of all contributing substances. Thus, entropy is a measurement of the disorder of a system or the measurement of the amount of energy in a system that cannot do work.
For pure substances, the entropy has a fixed value that is a function of temperature as all other thermochemical properties. The standard definition of entropy is
and it can be calculated from partition functions using Eq. (1.20).
CONSEQUENCES OF THERMODYNAMIC LAWS TO CHEMICAL KINETICS
The second law of thermodynamics states that every closed isolated system will approach after infinite time an "equilibrium" state, where the properties of the system are independent of time. Thermodynamics, however, is unable to predict the time required for reaching equilibrium or the system composition and its changes during the time needed to reach equilibrium.
On the other hand, the thermochemical properties are strong quantitative constraints on the kinetic parameters driving a time-varying system. The reason is that an equilibrium state is in reality a dynamic state in which, at the molecular level, chemical changes are still occurring, while at the macroscopic level these changes in composition are not noticeable because the rate of production of a given substance is equal to its rate of destruction.
It has been empirically found that the rate W by which a reaction A þ B ! C þ D occurs is equal to
where k f is the temperature-dependent reaction rate coefficient for the forward reaction and [C i ] m i are the concentrations of the reactants i to the power of m. The reaction rate coefficient can be described in Arrhenius form as
with the pre-exponential factor A, the temperature exponent n, and the so-called activation energy E a . Thermochemistry can help us in finding good estimates for different values of the Arrhenius reaction coefficient, which are given by
where k B is the Boltzmann constant, h is Planck's constant, and DG 6 ¼ is defined as the change in Gibbs energy G from reactants to transition state of the reaction under investigation:
The transition state theory [27] of chemical kinetics assumes that the reaction rate is limited by the formation of a transient transition state, which is the point of maximum energy along the reaction pathway from reactants to products. The transition state is considered to be in quasi-equilibrium with the reactants. Differences between reactants and the transition state are denoted with a 6 ¼ symbol. Therefore, DH 6 ¼ is defined as the enthalpy difference between the transition state and the reactants:
and the entropy and free Gibbs energy are defined accordingly. Thus, reaction rate coefficients can be estimated from the "thermochemistry" of the transition states, whose molecular properties can be calculated with quantum chemical programs. In calculating reaction rate coefficients, the only negative second derivative of energy with respect to atomic coordinates (called "imaginary vibrational frequency") from the transition state is ignored, so that there are only 3N À 7 molecular vibrations in the transition structure (3N À 6 if linear) and all internal and external symmetry numbers have to be included in the rotational partition functions (then any reaction path degeneracy is usually included automatically).
Detailed knowledge of thermodynamic data is needed to obtain both the endothermicity/exothermicity DH r and endergonicity/exergonicity DG r of a reaction, which determine the equilibrium composition of a reacting mixture. Accurate thermochemistry values or good estimates are needed, particularly at lower temperatures, in order to properly predict reaction rate coefficients and their temperature dependency.
For more complicated reaction systems with competing reaction pathways, an additional master equation modeling is necessary to calculate and predict reaction rate coefficients. This treatment [28] includes the collisional energy transfer between rotational and vibrational energy levels of the reactants through activation or collisional deactivation and the different energy amount needed to overcome the transition states.
Besides the calculation of reaction rate coefficients of unimolecular decomposition reactions such as the thermal decomposition of toluene [29] or methyl radicals [30] , and of bimolecular reactions such as the reaction of CO with HO 2 to CO 2 and OH,
which transforms a relatively stable radical HO 2 to a more reactive one OH [63] also the reaction rate coefficients and branching ratios of multiwell reactions [31] can be calculated with a lot of different product channels. These calculated reaction rate coefficients for elementary reactions can be used to build and evaluate chemical mechanisms for combustion models [32] .
HOW TO GET THERMOCHEMICAL VALUES?

Measurement of Thermochemical Values
Using calorimetry, time-dependent heat changes of substances or chemical reaction systems can be measured in a closed chamber through monitoring temperature changes.
Since no work is performed in these constant volume chambers, the heat measured equals the change in internal energy U of the system. With known temperature change, the heat capacity C V at constant volume V can be derived under the assumption that C V is constant for the small temperature variation measured:
Since the pressure is not kept constant, the heat measured does not represent the enthalpy change. Improvement of measurement techniques allows the use of smaller amounts of stable species and substances with fewer impurities, which should yield more accurate experimental data.
Calculation of Thermochemical Values
Quantum Chemical Calculations of Molecular Properties
For the calculation of atomic and molecular properties of chemical compounds, computational methods such as molecular mechanics, molecular dynamics, and semiempirical and ab initio molecular orbital methods are available.
Due to the developments of computer hardware in combination with developments in the quantum chemical calculation methods, thermochemistry calculations for small molecules are now possible with accuracy in sub-kilojoule per mole.
In the last few decades, semiempirical methods [33], implemented in programs such as MOPAC [34] , were superseded by density functional theory (DFT) and more accurate ab initio methods, which are available in program packages such as Columbus [35] , DGauss [36], GAMESS (US) [37] , GAMESS-UK [38], Gaussian [39] , MOLPRO [40] , NWChem [41] , Q-Chem [42], and other electronic structure computational programs.
Among the methods that calculate the species electronic structure, DFT has gained an important position. Specifically, the Becke exchange functional [43] coupled with the Lee-Yang-Parr functional [44] , which is widely known as B3LYP, is often used because it was one of the first to allow calculations for large molecules.
The composite G3 method [45] and its variant G3B3 [46] are able to achieve good accuracy (with a 95% confidence limit that is generally around AE2 kcal/mol or better) for calculation of thermochemical values, without requiring an exorbitant computational effort.
The composite G3B3 [46] method optimizes the geometry and calculates the vibrational frequencies and rotational constants using DFT method with B3LYP functional. The results compare very well with experimental UV-VIS, IR, and Raman spectra. The molecular energy is then calculated using a composite approach that performs a sequence of calculations at various levels of theory and with various basis sets, effectively estimating the energies at QCISD(T) level using a large basis set (G3Large).
The molecular properties, such as geometry, vibrational frequencies, and rotational constants, are needed to compute thermodynamic properties such as enthalpy, entropy, and Gibbs free energy through calculation of the partition functions of the substances using statistical mechanics methods.
Nowadays, it is well known that a density functional (DF) performing well for a certain property is not necessarily adequate for computing completely different types of molecular systems or molecular properties. Actual research continues to develop DFs that are equally well applicable to a variety of different properties.
Pople and coworkers [47] have first realized the benefit of evaluating quantum chemical methods by benchmarking them against accurate experimental measurements. Their work mainly focused on atomization energies, which were used to calculate the heats of formation for around 150 molecules having well-established enthalpies of formation at 298K and were summarized in the so-called G2/97 benchmark test set [48] and later enhanced to the benchmark versions G3/99 [49] and G3/05 [50] , where electron and proton affinities and ionization potentials of small molecules played an additional minor role.
The idea of benchmarking quantum chemical methods by introducing databases covering a wide variety of different properties, for example, atomization energies, spectroscopic properties, barrier heights and reaction energies of diverse reactions, proton affinities, interaction energies of noncovalent bond systems, transition metal systems, and catalytic processes, was extended by Truhlar and coworkers [51] . They were the first to carry out overall statistical analyses of combinations of different test sets to obtain an overall mean absolute deviation (MAD) number for each tested quantum chemical method, which made a comparison with other approaches more feasible.
Later on, Goerigk and Grimme further improved density functionals and enhanced the range of benchmarked parameters and the size of the calculated molecules [52] .
On the other hand, computational thermochemistry values in the sub-kilojoule per mole accuracy range are now possible only for small molecules. They can be calculated through the highly accurate extrapolated ab initio thermochemistry (HEAT) [53] approach developed by an international group of researchers and by the Weizmann-4 (W4) method [54] from Martin's group, which was benchmarked on atomization energies of 99 small molecules [55] . They further developed an economical post-CCSD(T) computational thermochemistry protocol [56] that decreased the demanding amount of computer resources needed and therefore were able to apply these methods to small aromatic systems with less than 10 heavy atoms.
In addition, simple and efficient CCSD(T)-F12x approximations (x ¼ a, b) [57] were proposed and benchmarked [58] by Werner's group. They obtained improvements in basis set convergence for calculations of equilibrium geometries, harmonic vibrational frequencies, atomization energies, electron affinities, ionization potentials, and reaction energies of open-and closed-shell reaction systems, where chemical accuracy of total reaction energies was obtained for the first time using valence double-zeta basis sets.
High-level benchmarked quantum chemical calculation results have been reached or are now more accurate than experimental accuracy, and spectroscopic and thermodynamic properties of molecules, such as radicals, which are otherwise very hard to measure experimentally, can be predicted.
As of now, quantum chemical methods with high accuracy are very demanding on computer resources and have been applied only to smaller molecules. But with improvements in computer resources, faster writing/reading speeds of data storage units, and further development of quantum chemical methods, it will be possible in the future to predict chemical properties of molecules with larger size with high accuracy.
Calculation of Thermodynamic Functions from Molecular
Properties The calculation methods for thermodynamic functions (entropy S, heat capacities C p and C V , enthalpy H, and therefore Gibbs free energy G) for polyatomic systems from molecular and spectroscopic data with statistical methods through calculation of partition functions and its derivative toward temperature are well established and described in reference books such as Herzberg's Molecular Spectra and Molecular Structure [59] or in the earlier work from Mayer and Mayer [7] , who showed, probably for the first time in a comprehensive way, that all basic thermochemical properties can be calculated from the partition function Q and the Avagadro's number N. The calculation details are well described by Irikura [60] and are summarized here. Emphasis will be placed on calculations of internal rotations.
The partition function Q can be computed from all the molecule's specific energy levels e i and the Boltzmann constant k B :
Ideal gas values for the heat capacity, enthalpy increment, and entropy can be computed from the partition function Q.
The equation for calculation of heat capacity at constant volume is
The enthalpy difference relative to absolute temperature of 0K can be calculated from the heat capacity C p at constant pressure
The entropy S is computable as
However, a complete set of molecular energy levels needed for calculation of the partition function (Eq. (1.16)) is not available in most cases. The arising problem can be simplified through the approximation that the different types of motion such as vibration, rotation, and electronic excitations are on a different timescale and therefore are unaffected by each other and can be treated as decoupled motions. This leads to a separation of Q into factors that correspond to separate partition functions for electronic excitations, translation, vibration, external molecular rotation, and hindered and free internal rotation:
The partition function for electronic excitation contributions to the thermochemical properties will be
where g i is the degeneracy of the electronic state with the energy e i . The partition function for all translational modes is
and for all vibrational modes it is
For external rotation of a nonlinear molecule, the partition function results in
with the symmetry number s, the moments of inertia I A , I B , and I C , and the rotational constants A, B, and C.
In most quantum chemical program packages, these equations are used only to calculate the temperature dependence of thermodynamic properties. Internal free and hindered rotation contributions to the partition functions are normally neglected or implicitly use the pseudo-vibration approach for the internal rotor.
In molecules or radicals, such as ethyl, internal rotations around bonds such as CH 3 
where I top is the moment of inertia of the rotating fragment about the axis of internal rotation:
The internal symmetry number s int equals the number of minima (or maxima) in the torsional potential energy curve, which can be calculated with quantum chemical programs by scans along the internal rotor coordinate. The rotational barrier V for the aforementioned rotation around the CÀC bond in ethyl is below 1 kJ/mol. Since it is much less than kT, the rotor can be considered as freely rotating.
In ethane, the rotational barrier is around 12 kJ/mol and, therefore, it is necessary to treat it as a hindered rotation.
If the torsional potential has the simple form
with the barrier V and the internal symmetry number s, then the tables of Pitzer and Gwinn [61] can be used to compute the contribution of the hindered rotor to the thermodynamic functions. A popular method is to represent the hindered rotor potential by an expansion introduced by Laane and coworkers [62] , who used, for example, a six-term summation such as
V n ð1 À cos ðnfÞÞ ð1:29Þ
But especially in cases where the hindered rotational potential is asymmetric (see Figure 1 .1), the calculation of the partition function needs to take into account the different barrier heights and the according rotation angle as delimiter of the integral.
Applied to Figure 1 .1, the partition function is
ð1:30Þ
The further treatment for an asymmetric, hindered internal rotation with different barrier heights is shown, for example, in Ref. [63] , where the calculation was needed for the rotation about the HOOÀC*O bond and the HOÀOC*O bond in the transition states of the reaction CO þ HO 2 ! CO 2 þ OH. This reaction is very important in syngas (H 2 , CO) combustion at high pressures due to the fact that a relatively stable radical HO 2 is converted to a more reactive radical OH.
The effect of using different internal rotor treatments (harmonic oscillator or free rotator approximations) instead of hindered rotor treatment on the calculated reaction rate coefficient is also shown there [63] .
Many scientists in the fields of thermodynamics and computational software use the rigid rotor-harmonic oscillator approximation or other shortcuts due to the relatively small contribution of the internal rotations to the whole enthalpy and entropy values. This is however a potential point of error (having a tendency to affect the computed entropy somewhat more visibly than the corresponding enthalpy increment or heat capacity), and the user is warned about this simplification, which is often used, for example, to convert 0K enthalpy of formation to 298K value. Here, we would like to make a few cautionary comments on the state of affair with respect to traditional sources.
Overall, the number of species important in combustion for which experimental values of standard enthalpies of formation can be assigned is comparably small. All are based on chemical reactions to which enthalpy changes of reaction can be assigned with high accuracy either calorimetrically or from the temperature dependence of equilibrium constants. As far as stable molecules of the elements carbon, hydrogen, oxygen, and nitrogen are concerned, it is fortunate that combustion reactions themselves serve for this purpose as the standard enthalpies of formation of the combustion products. Carbon dioxide and water have been painstakingly evaluated and reactions can usually be arranged to occur with accurately measured stoichiometry [22] .
Even for the most favorable cases, however, the error bars that have to be accepted are larger than one would wish. This is illustrated in Table 1 .2, adapted from Cohen and Benson [64] who give references to the archival literature. Here one sees that the "best available" standard enthalpy of formation values for the small hydrocarbons come with error ranges that imply significant uncertainty in equilibrium constants (a AE 1 kJ/mol uncertainty in the enthalpy or Gibbs free energy change of a reaction at 1000K implies an uncertainty of AE12% in its equilibrium constant).
The uncertainty ranges asserted by the evaluators are larger than one would wish. But more difficult is the fact that the differences between the experimental values obtained with the two most trustworthy calorimetric techniques differ from one another by more than the sum of the stated uncertainty ranges for two of the five cases. Apart from these discrepancies, which can now be successfully treated and resolved via the Thermochemical Network (TN) analysis of Active Thermochemical Tables  (ATcTs) [66], the asserted experimental uncertainty ranges are mostly larger than those for the values obtained with TN analysis for stable molecules.
The thermochemistry values are less well known for most of the other stable species of interest in combustion, and still less well known for unstable ones. Among the unstable species, the thermochemistry of free radicals has attracted particular interest in combustion modeling because of their roles as chain centers.
An overview of current knowledge of the standard enthalpies of formation of some of the common radicals is given in Table 1 . 3 . The values were evaluated by an IUPAC Task Force about Critical Evaluation of Thermochemical Properties of Selected Radicals [65] .
In contrast to the stable hydrocarbons, where the standard enthalpy of formation is based on one or another of the direct calorimetrical methods, values for radicals come from all sorts of very difficult measurements ranging from photoionization mass spectroscopy to measurements of reaction rates. It is no surprise that the results are more contentious and less accurate. In Table 1 .3, the uncertainty ranges can be seen to be typically an order of magnitude greater than those for stable hydrocarbon values except where the Active Thermochemical Tables can help. 
ACCURACY OF THERMOCHEMICAL VALUES
For hydrocarbons and their various derivatives containing oxygen and nitrogen atoms, a long history of thermochemical investigation has left a legacy of experimental standard enthalpy of formation values (approximately 3000 have been compiled by Pedley et al. [25] ).
The uncertainty level of this legacy varies considerably because of the fluctuating care given to the (mostly) calorimetric measurements and problems of reagent purity and reaction stoichiometry. Early on there have been successful efforts to systematize the database in terms of molecular structure (reviewed in detail by Cox and Pilcher [22] ). As a result, one can compute a standard enthalpy of formation value for "ordinary" compounds (without strained rings, partially delocalized structures) that have not been studied experimentally with almost the same confidence that one can place in the experimental values themselves.
Unfortunately, many of the most interesting molecules and radicals used in combustion modeling have highly strained rings or electronic structures that are not well represented in the experimental database used for setting group additivity parameters. For such molecules and radicals, we recommend to abstain from use of group additivity values estimated from experimental data. We prefer instead to do ab initio calculations or, if that appears infeasible, as in case of large species, semiempirical or semitheoretical molecular electronic structure calculations or use group additivity values that were calculated with according quantum chemical methods.
Standard enthalpies of formation are quoted by different authors, making it sometimes challenging to find out to which of the three categories the quoted These types of problems, together with other disadvantages connected to the traditional sequential approach to evolving enthalpies of formation, are being currently successfully addressed by ATcT approach [66].
Active Thermochemical Tables
ATcT is a new paradigm that catapults thermochemistry into the twenty-first century. As opposed to traditional sequential thermochemistry, ATcT provides reliable, accurate, and internally consistent thermochemistry by utilizing TN approach [66] .
The traditional approach is geared up to determine the enthalpies of formation of the target species using a sequential procedure. In this procedure, only one species is examined during each step. The available measurements (and computations) that link the target species only to those determined in previous steps are examined. From these, the "best" determination (or, occasionally, the average of a few determinations that appear to be of similar quality) is selected and used to obtain the enthalpy of formation of the target species at one temperature. Spectroscopic data (vibrational frequencies and rotational constants) are then used to compute the temperature dependence of the enthalpy and the remaining complement of thermochemical functions pertinent to the target species. At that point, the thermochemical properties of the target species are "frozen" and the procedure moves on to a new target species.
The primary disadvantage is that the resulting tabulation of enthalpies of formation stores for any species only the final value for the enthalpy, which is in reality connected to other enthalpies across the table via a maze of hidden progenitorprogeny relationships, making it next to impossible to update the resulting data with new information. Namely, even if, for example, a newly measured bond dissociation energy is used to revise the enthalpy of formation of some species, there are generally other species in the table that are pegged to the old value and would also need to be revised. Which are those species is not clear without investing a very laborious manual effort that examines each and every species in the tabulation.
In addition, the uncertainties obtained in the traditional approach typically do not properly reflect the complete knowledge that was available at the time the tabulation was created. For example, some of the existing knowledge is simply ignored (or taken only as a secondary check) because it did not make it into the subset of "best" determinations. Since there is no feedback to values obtained in the previous steps, the relevant dependencies that are used in later steps in the procedure (and involve directly or indirectly the species that were determined in previous steps) do not contribute to the quantification of the uncertainties in earlier steps nor do they help improve the reliability of values that are already frozen. In short, available knowledge is used only partially.
As opposed to the sequential approach, ATcT tables use TN approach. TN does not store enthalpies of formation of various species as such; rather, it stores the various relationships between the enthalpies as given by the actual measurements and computations, creating a network of thermochemical interdependencies. In order to obtain the desired enthalpies of formation, TN is solved simultaneously for all the species it describes, producing a complete set of thermochemical values that are entirely mutually consistent. Furthermore, the dependencies stored in TN are not based on the selected "best" subset of determinations. Rather, all available determinations from the literature are stored in the network. Since these are not necessarily self-consistent (because some of the quoted uncertainties are "optimistic," i.e., some determinations are not as correct as the uncertainty might imply, or are even "wrong"), TN solution is preceded by a statistical analysis and evaluation of the determinations that span and define TN. The statistical evaluation of the determinations in TN is made possible by redundancies in TN, such as competing measurements of the same enthalpy of reaction and alternate network pathways that interrelate participating chemical species. The statistical analysis produces a self-consistent TN, from which the optimal thermochemical values are obtained by simultaneous solution in errorweighted space, thus allowing the best possible use of all knowledge present in TN. This results in significantly better values than the traditional sequential approach since it uses efficiently all the available knowledge and also relies on a statistical analysis.
The significantly increased reliability and accuracy of the values obtained from TN approach manifests itself through uncertainties (which are given as 95% confidence limits, as customary in thermochemistry) that are typically several times smaller than the equivalent sequential values that could be obtained by the traditional sequential approach.
Besides the dramatically improved reliability, accuracy, and consistency of the resulting thermochemical values, ATcT tables offer a number of features that are neither present nor possible in the traditional sequential approach. With ATcT, new knowledge can be painlessly propagated through all affected thermochemical values. Namely, a new measurement can be simply added to TN, followed by the automatic analysis and solution of TN, producing a new (revised) complement of thermochemical values for all the species present in the network, thus fully propagating the consequences of the new measurement through all the affected values.
ATcT approach also allows hypothesis testing and evaluation, as well as discovery of weak links in TN. The latter provides pointers to new experimental or theoretical determinations that will most efficiently improve the underlying thermochemical knowledge.
The knowledge base of ATcT is organized in a series of "Libraries." The Main Library contains the Core (Argonne) Thermochemical Network that is currently being developed. TN contains fully networked data on about 1000 species, containing H, O, C, N, and halogens, connected through more than 10,000 thermochemically relevant determinations, and it is growing on a daily basis.
Most of the initial species included in this TN are relatively small and play the role of "hubs" in the network (significantly overlapping with the notion of "key" CODATA species [67] ), but as the network grows, larger species are being introduced. Besides TN, the Main Library also contains the relevant spectroscopic data for gas-phase species and tabulated data for condensed-phase species that are needed to compute the heat capacity, enthalpy, enthalpy increment, entropy, the temperature dependence of the enthalpy, Gibbs energy of formation, and so on. As the new data are introduced in TN in the Main Library, a new set of solutions of TN is periodically computed, producing a new version and storing the prior version into the archives (following an elaborate archival system).
Auxiliary libraries (e.g., CODATA Library [67] , Gurvich Library [19], JANAF Library [11], etc.) are more static in nature and contain non networked data needed to reproduce the values in various historical tabulations for ready-reference purposes.
Although at its beginning, ATcT has already produced for a number of "key" species significantly more accurate thermochemical values, thus considerably increasing the number of species known to very high accuracy. Nevertheless, in general, only a small minority of species of interest in combustion can be assigned standard enthalpies of formation with uncertainty limits so narrow that for combustion modeling purposes they may be taken to be exact [22, 67, 68] . The most accurately known of all (apart from the elements in their reference states, for which the value 0.0 is defined to be exact) are those based on carefully recorded molecular electronic spectra supplemented by quantum mechanical analysis. Among these, the hydrogen atom stands out, and a few diatomic and triatomic species whose electronic spectra have been successfully analyzed to establish the dissociation limit also belong to the exact category. An overview of the uncertainties of the standard enthalpies of formation of key combustion-relevant atomic or small species that have been exhaustively studied by calorimetric and spectroscopic methods is given in Tables 1.1-1.3. This benchmark group of species is setting a standard of what can be achieved in accuracy for standard enthalpies of formation by using available information about measured and computed thermochemical values and its connections such as the Hess's Law. The new ATcT values are expected to bring about significant overall improvements in the accuracy and reliability of the available thermochemistry values.
REPRESENTATION OF THERMOCHEMICAL DATA FOR USE IN ENGINEERING APPLICATIONS
The thermodynamic data of pure substances can be provided to the users in different ways.
Representation in Tables
Traditionally, printed versions of tables were supplied where the heat content, the chemical enthalpy, the entropy, the Gibbs energy, the enthalpy of formation, and the equilibrium constant are listed as a function of temperature such as in the following compendia:
1. The Gurvich Russian thermochemical compendium [19] 2. The TRC loose leaf thermochemical data collection [10] [20, 21] 
Representation with Group Additivity Values
A second way of presenting thermochemical data was ascribed by Benson and Buss [70] , but is originating to a few groups, whose work is described in an earlier review from Janz, "The estimation of thermodynamic properties for organic compounds and chemical reactions" [71] .
Instead of describing thermochemistry properties of pure substances, thermochemistry properties of groups of atoms are defined, where additively a few groups can form together the properties of ideal gas compounds. The values of the groups are derived from experiments or in the last years by quantum chemical calculations. In the group additivity method, the values of C p are supplied as a function of temperature and the heat of formation and entropy values are supplied at 300K and sometimes at 298K.
The reason for this is that there was no reason to differentiate between these temperatures since the difference between the properties at 298 and 300K was less than the experimental error or uncertainty of the estimates.
Since no specific compounds were included in this kind of representation, the group additivity (GA) thermoproperties [70] are used as inputs for computer programs that calculate at request the thermochemical properties for many pure gaseous compounds. Some programs are as follows: 
Representation as Polynomials
The third kind of representation is in the form of polynomials of the properties of pure substances. Polynomials were mentioned for the first time by Lewis and Randall in 1923 [3] as a means to present thermochemical properties such as heat capacity (C p ), enthalpy, and so on, as a function of temperature. The publication of elaborate tables of properties was very problematic in a world where computers were not even imagined. Polynomials seemed a compact way to publish a lot of numbers and also a good way to smooth out scatter of the data. Despite the advantages, polynomials were not used abundantly before the proliferation of computers starting about 1965.
U.S. government agencies such as NASA and National Laboratories had computers by the end of the 1950s, and therefore started using polynomials in order to get thermochemical properties as a function of temperature. The functions were needed in order to calculate equilibrium compositions of reacting mixtures, which were extensively used before kinetic simulation programs were available. This was the reason for the publication of Duff and Bauer's paper [14] , which included extensive equilibrium calculations.
They used two different sets of polynomials to compute heat capacity (C p ) and the free energy function (F).
In addition, they found out that the full temperature range of 298.15-6000K cannot be represented by a single polynomial. Therefore, they were the first who published for each of the two functions two polynomials (two branches) for the temperature range of 298.15-1000K and for 1000-6000K. But the two polynomials were not coinciding at any temperature and their use in 1000K region included a discontinuity.
The thermodynamic group at NASA Lewis Center in Cleveland, led by Gordon, undertook a long study in order to investigate the problem of chemical equilibrium [76, 77] . As a result, a close scrutiny of the polynomialization of the thermodynamic data was also undertaken, and they proposed a solution with two important features:
(a) Single set of coefficients could be used for as many properties as possible for a single compound. (b) The same polynomial form fits all thermodynamic data for gases, liquids, and solids for all possible chemical compounds. Zeleznik and Gordon [77] invented the method of simultaneous regression of the thermochemical properties so that more than one property can be approximated by a single polynomial. This work ended up with the famous NASA seven-term polynomials first published by Zeleznik and Gordon [77] and McBride et al. [15] , which cover heat capacity C p , enthalpy, and entropy.
In their first version, the polynomials were fit for two temperature ranges. The first polynomial was fit for the temperature region important for combustion, that is, 1000-6000K. The second polynomial was fit for the lower temperature region, that is, 300-1000K. The two polynomials were "pinned" at 1000K. They were constrained to reproduce exactly 1000K value, thus ensuring that both branches will match at 1000K without discontinuity. The consequence of this method was that the values at the standard reference temperature of 298.15K, which were not used to create any constraints, were always reproduced with some small error, depending on the polynomial fit. Later, in 1982, following users' requests, the fitting of the polynomials was slightly changed: the lower branch was extended to 200K, and the pinning of the polynomials was transferred to 298.15K value, while the two branches were still constrained to have the same value at 1000K.
Because of the need of NASA to calculate properties beyond 6000K limit for shuttle reentry problems, the research into the polynomials was extended, and in 1987 a new set of NASA nine-term polynomials was adopted. The foremost quality of these polynomials is that new branches can be added above and below the original temperature range; in addition, their error of reproducing the fitted data was improved between 1 and 2 orders of magnitude. The maximum error at peak temperature of the seven-term polynomials is typically in the range of one-tenth of 1% to 1%, while the typical fitting error of the new nine-term polynomials is in the range of one-thousandth of 1% to one-hundredth of 1%.
The program to calculate thermochemical properties (called PAC for properties and coefficients) and the corresponding seven-term polynomials were published by McBride and Gordon in 1967 [16] , and a new version that calculates the nine-term polynomials was published in 1992 [78] .
Other types of polynomials were also proposed. For example, the Wilhoit [79] polynomials were intended to allow the extrapolation of TRC thermochemical properties beyond 1000 or 1500K temperature range. The Wilhoit polynomials are used internally for extrapolation by PAC [16] and THERM programs [74] .
The NIST WebBook site [73] prefers the Shomate polynomials [80] , which are defined in the following way with the coefficients A-H:
The Gurvich polynomial [19] for the partition function is seldom used in the western part of the world. Various series of negative powers of the temperature were also proposed in the past. However, none of them got the wide acceptance and extensive use of the seven-term NASA polynomials, mainly due to the existence of big free databases of these polynomials.
The thermochemical properties can be calculated in general with confidence in the fourth and fifth digits in the units of kcal/mol in the range of 150-3000K. But since many engineering problems require the knowledge of data above and below this range, they exist in the form of seven-term polynomials to 6000K and as nine-term polynomials from 50 to 6000K, and are sometimes extended to 20,000K for reentry problems of satellites and shuttles [85] .
The seven-coefficient NASA polynomials can be used to calculate the following functions:
It should be noted that the value H T obtained from the polynomials is the "engineering enthalpy" defined as
Similarly, the G /RT functions of the molecules in a reaction can be used directly to compute the reaction's equilibrium "constant" in terms of concentrations through
ð1:39Þ
where the change in the number of moles during reaction is Dn ¼ Sn j and the coefficient changes are Da I ¼ Sn j a ij . The summations are over all the reactant and product species j with the stoichiometric coefficients n j being positive for products and negative for reactants. The seven-term polynomials actually include 15 constants. The first set of 7 constants belongs to 1000-6000K polynomial, the second set of 7 constants belongs to 200-1000K polynomial, and 15th constant is The nine-term polynomials can be used to calculate the functions and also K c , following a similar philosophy as given before for the seven-term polynomials.
1.6.3.1 How to Change D f H 298K Without Recalculating NASA Polynomials Sometimes better enthalpies of formation values are available for a substance and the polynomials need to be adapted. This can be done in the polynomial form without changing the remaining of the thermodynamic data of the species, if the other molecular properties of the substance need no update. In this case, we shall refer to Eq. (1.35) for NASA seven-term polynomials. The term that includes the information on the enthalpy of formation is a 6 . To change, write
Both temperature intervals have to be adjusted; therefore, coefficients a 6 and a 13 have to be recalculated in the same way. Do not forget to change coefficient a 15 that is D f H 298K /R.
It is possible to apply the same procedure to NASA nine-term polynomials using a 8 in Eq. (1.41) and accordingly each eigth coefficient in the polynomials for all temperature ranges.
THERMOCHEMICAL DATABASES
There are basically a few databases that include thermochemical data in polynomial form:
(a) The Extended Third Millennium Thermochemical Database [84] authored by Goos, Ruscic and Burcat that includes NASA-type polynomials of seven and nine terms for easy use in kinetic modeling and computational fluid dynamics software.
It contains data mostly of gaseous compounds, liquids, and solids, ranging from pure elements, metals, and ions to inorganic substances, organic stable compounds such as hydrocarbons, and reactive species such as radicals. It also contains all inert gases and a limited number of other elements such as Al, B, Bi, Br, Cl, F, I, H, D, T, Cr, Cu, Fe, Ge, Hg, K, Ir, Mg, Mn, Mo, N, Na, Ni, O, Os, P, Pb, Pd, Pt, S, Sb, Si, Sn, W, Zn, Zr, and their compounds.
The thermochemical and spectroscopic data of more than 3000 substances are mainly used to model and optimize combustion processes and to understand or model theimpact onthe atmosphere, in addition to optimizingchemical processes.
The database is reviewed and available reference literature values (calculated and measured ones) and own calculation results are provided. Today this database is the biggest collection of ATcT and G3B3 calculated values that were provided for about half of the included species. In addition, the accuracy of the data and the used values are shown in detail to make the calculation results traceable and or correctable, if better data are available (e.g., quantum chemical results such as spectroscopic properties like vibrations and rotational constants, additional data used to calculate the partition functions, and finally the deviations of the fits to obtain NASA polynomial data from the temperature-dependent thermochemical properties).
The database is also updated and enhanced on a regular basis and on user requests. (b) The NASA Glenn thermodynamic database, last updated in 2002 [85] , which is dedicated to general use and contains only nine-term NASA polynomials. Tables of thermodynamical functions such as heat capacity C p , entropy S, enthalpy, and the log K can be calculated online from the provided coefficients. (c) The gas-phase thermochemical database of Sandia National Laboratories maintained by Allendorf containing seven-term NASA polynomials [86] and the according spectroscopic information of nearly 1000 compounds of mostly inorganic and organometallic systems containing the elements Al, B, Be, C, Ca, Cl, Cr, F, Fe, H, In, K, Li, Mg, Mn, N, Na, O, Sb, Si, and Sn. The thermochemical data are mainly predicted from calculated molecular energies using MP4 method. Sometimes they were corrected using empirically derived bond additivity corrections (BACs) [87] .
CONCLUSION
This chapter presented a short noncomprehensive overview of some of the aspects of thermochemistry that are relevant to scientific and engineering applications. It explained the calculation methods used to obtain thermodynamic data and showed how to evaluate the soundness of different methods and some of their pitfalls. In addition, it provided the sources of accurate thermodynamic data and explanation of the formats used. This makes the use of these data in engineering applications such as computational fluid dynamic (CFD) simulation relatively easy.
